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We have investigated the dimensionality and origin of the magnetotransport properties of LaAlO3
films epitaxially grown on TiO2-terminated SrTiO3(001) substrates. High mobility conduction is
observed at low deposition oxygen pressures (PO2 < 10
−5 mbar) and has a three-dimensional char-
acter. However, at higher PO2 the conduction is dramatically suppressed and nonmetallic behavior
appears. Experimental data strongly support an interpretation of these properties based on the cre-
ation of oxygen vacancies in the SrTiO3 substrates during the growth of the LaAlO3 layer. When
grown on SrTiO3 substrates at low PO2, other oxides generate the same high mobility as LaAlO3
films. This opens interesting prospects for all-oxide electronics.
PACS numbers: 73.40.-c, 73.50.Fq, 66.30.Jt
Among the different technologies that are currently be-
ing considered to replace CMOS in the coming years,
oxide-based electronics is a promising and rapidly grow-
ing field [1]. Recently, the interest for the electronic
properties of oxide heterointerfaces has been boosted by
experiments on LaAlO3/SrTiO3 (LAO/STO) samples,
suggesting the existence of a high mobility conducting
layer at the interface between two insulators: a LAO film
grown on a STO substrate at pressures smaller than 10−4
mbar [2, 3, 4, 5, 6, 7].
For such structures, two types of interface can be de-
fined depending on the termination (AO or BO2) of the
perovskite ABO3 blocks. The LaO/TiO2 interface was
found to be conductive (n-type) with a large low temper-
ature Hall mobility (up to µH ≥ 10
4 cm2/Vs) and a large
sheet resistance ratio (Rsheet(300K)/Rsheet(5K) ∼ 10
3)
[2, 3, 4, 5, 6]. On the other hand, the AlO2/SrO inter-
face was found insulating. In LAO the La and Al cations
have both a 3+ valence, and in STO Sr is 2+ and Ti is
4+. It is argued that the resulting interface electronic dis-
continuity is avoided through charge transfer from LAO
to STO [8]. Within this picture, the high mobility gas
is formed when the LAO layer provides the LaO/TiO2
interface with half an electron per two-dimensional unit
cell, corresponding to nsheet ≈ 6.25×10
14 cm−2. Accord-
ing to this model, the electronic properties should not de-
pend on the oxygen pressure used to grow the LAO film
on the TiO2-terminated STO substrate. However, up to
now, all the reported high-mobility LAO/STO structures
have been grown on STO substrates in reducing condi-
tions (PO2 ≤ 10
−4 mbar) [2, 3, 4, 5, 6].
In parallel, it has recently been demonstrated that the
growth of other oxides like Co-doped (La, Sr)TiO3 (CoL-
STO) [9] or the homoepitaxial growth of SrTiO3 films on
STO substrates at low pressure (PO2 < 10
−4 mbar) [10]
also generates a high mobility conduction, with the same
transport properties as the above-discussed LAO/STO
structures. However, in those cases charge transfer ef-
fects are either different from the LAO/STO case or for-
mally absent. Indeed, the high-mobility conduction in
CoLSTO/STO films has been demonstrated to be due to
oxygen vacancy-doping of the STO substrates [9]. There-
fore, in order to test whether charge transfer across the
interface is really responsible for the high-mobility con-
ductive behavior, one should fabricate LAO/STO struc-
tures in conditions that prevent the doping of STO sub-
strates by oxygen vacancies, i.e., at pressures well above
10−4 mbar [9] and compare these properties with those
of structures prepared at smaller pressure.
To address this issue, we have measured the magneto-
transport properties of LAO (6-20) nm-thick films grown
by pulsed laser deposition in a wide range of pressures
(10−6 - 10−3 mbar) on 0.5-1 mm-thick TiO2-terminated
STO(001) single-crystal substrates (for details about
magnetotransport experiments see Ref. [9]). The inter-
face was contacted with Al/Au through the LAO layer by
locally etching the LAO with accelerated Ar ions down
to the interface, in a chamber equipped with a secondary
ion mass spectroscopy detection system. The inter-
face has been characterized by aberration-corrected high-
resolution transmission electron microscopy (HRTEM),
and found that the LAO layer is fully strained, and the
interface is close to atomically sharp, with no dislocations
(the details of HRTEM characterization are reported in
Ref. [11]). We note that films cooled down in a high
pressure PO2 ≈ 300 mbar from the deposition (T = 750
2◦C) to room temperature were all insulating or highly re-
sistive (> 100 MΩ at room temperature). Consequently,
in the following we will report on films cooled down to
room temperature in the deposition pressure.
FIG. 1: (a) T-dependence of the resistance of samples grown
at PO2 = 10
−6 - 10−3 mbar; grey symbols correspond to the
sample grown at 10−6 mbar after removing the LAO film by
mechanical polishing (see text) and (b) dependence of the
mobility at 4K µH,4K on the deposition pressure.
In Fig. 1 we present the dependence on PO2 of the
transport properties of LAO/STO samples with thick-
ness t = 20 nm. The temperature (T) dependence of the
resistance and mobility of our LAO/STO samples (Fig.
1a) grown at low pressure (PO2 < 10
−5 mbar) are similar
to those reported in other works [2, 3, 4, 5, 6]. We observe
that the samples become less conductive as PO2 is higher
(Fig. 1a). For films grown at PO2 ≥ 10
−5 mbar we ob-
serve the presence of resistance upturns with nonmetal-
lic behavior below those temperatures. Additionally, the
mobility at 4 K (µH,4K) decreases drastically as PO2 is
increased (Fig. 1b), and samples grown at PO2 ≥ 10
−4
mbar show µH,4K < 10 cm
2/Vs (for sample grown at
10−3 mbar the mobility is not measurable). Both ob-
servations are at odds with an interpretation based on
charge transfer effects.
We proceed now to the analysis of the dimensionality
and determination of the thickness of the metallic gas
in our LAO/STO sample (t = 20 nm) grown at PO2 =
10−6 mbar. For this sample µH,4K = 1.8×10
4 cm2/Vs
and Rsheet,4K ∼ 10
−2Ω/, in good agreement with data
reported in Ref. [2]. Magnetoresistance curves, MR =
[Rxx(H)-Rxx(0)]/Rxx(0), were measured with the field H
either perpendicular to the sample plane (PMR), or par-
allel to the current in the sample plane (LMR). Both
magnetoresistances exhibit Shubnikov - de Haas (SdH)
oscillations at T < 4 K and magnetic fields B ≥ 6 T (the
data at 1. 5 K are shown in Fig. 2a). Note that these
oscillations disappear progressively at T > 1.5 K (see
Fig. 2d), as expected. After subtracting the background
contribution, the SdH oscillations are even more clearly
seen in Fig. 2b. From this figure, it is evident that the
period of the oscillations does not depend on the field ori-
entation. The observation of similar SdH oscillations in
both configurations excludes any interfacial confinement
of carriers.
The SdH oscillations were analyzed following the pro-
tocol described in detail in Ref. [9]. The Fast Fourier
Transform procedure confirmed that the SdH frequency
FSdH (which is related to the cross-sectional area Aext
of extremal electronic orbits in k-space perpendicular
to the applied field by FSdH=~Aext/2e) is the same for
the PMR and LMR configurations - cf. Fig. 2c. This
definitely demonstrates that the electronic system is 3D
and homogeneous. A system with a non-uniform carrier
density (varying as a function of the distance from the
film/substrate interface) would lead, in the PMR config-
uration, to a superposition of different frequencies and to
a broadening or blurring of the spectrum.
FIG. 2: (a) Magnetic field dependence of the perpendicular
(open symbols) and longitudinal (closed symbols) magnetore-
sistances at 1.5 K. (b) Oscillatory part of the magnetoresis-
tance ∆RSdH. (c) Spectral power density from FFT analysis
of ∆RSdH(H). (d) ∆RSdH(H) corresponding to perpendicular
magnetoresistance at different T. The inset of (c) shows the
field dependence of the Hall resistance Rxy at 4.2 K.
Furthermore, our data enable us to estimate the thick-
ness of the high mobility gas. The simplest approxima-
tion is to suppose a spherical Fermi surface; in this case,
from FSdH ≈ 11.1 T (cf. Fig. 2c), we obtain kF ≈ 1.8×10
6
cm−1. Since the electronic system is 3D, its thickness is
thus much larger than the Fermi wavelength λF = 2pi/kF
≈ 35 nm. To determine this thickness more precisely, we
have used our Hall resistance Rxy (B) data (inset of Fig.
2c). Defining the sheet carrier density nsheet as the prod-
uct of the carrier density n and the thickness of the metal-
lic region thm, we get nsheet = n × thm = B/(eRxy) ≈
1.6×1016 cm−2. The carrier density n can be deter-
mined independently by using the value of kF (derived
from FSdH); with n = k
3
F
/3pi2 ≈ 2×1017 cm−3, one fi-
nally obtains thm ≈ 800 µm. Now, if instead of an ideal
spherical Fermi surface we use the more realistic k-space
3geometry of doped STO (as described in the Appendix
of Ref. [9]), we find kF ≈ 0.9×10
6 cm−1, λF ≈ 70 nm,
n ≈ 3×1017 cm−3 and finally thm ≈ 530 µm which is
strikingly close to the substrate thickness. Our analy-
sis unambiguously proves that the high-mobility trans-
port properties of the LAO/STO sample grown at PO2
= 10−6 mbar are due to a conducting region homoge-
neously extending over hundreds of µm inside the STO
substrate. This conclusion is further confirmed by the
observation of the same T-dependence (see Fig. 1a) of
the resistance for a 10−6 mbar sample before and after
removing the film and about 15 µm of the STO substrate
by mechanical polishing on the film side (Fig. 1a). This
is additional evidence that the transport properties of
LAO/STO samples are in fact due to the STO substrate.
FIG. 3: (a) T-dependence of the Hall mobility µH and (b) T-
dependence of the resistance normalized to the value at 200 K;
both for CoLSTO/STO, LAO/STO, STO3−δ/STO samples
and doped STO single crystals.
For films grown at PO2 ≥ 10
−5 mbar, the sheet resis-
tance increases (Rsheet > 1 kΩ even at low temperature),
and consequently SdH oscillations cannot be observed.
However, some insight can be gained by comparing the
transport data of LAO/STO structures to those reported
for doped bulk STO single crystals. We have collected
in Fig. 3 the T-dependence of the mobility (Fig. 3a)
and normalized resistance (Fig. 3b) for STO bulk single
crystals (doped or treated in reducing atmospheres) [12],
LAO films grown on STO substrates at PO2 < 10
−4 mbar
(this work and Refs. [2] and [4]), Co-doped (La,Sr)TiO3
(Co-LSTO) films grown at low PO2 on STO substrates
(Ref. [9]) and STO3−δ/STO homoepitaxial films [10].
Let us point out here that one can extract µH from
the Hall experiments without knowing the thickness of
the metallic system. This allows a reliable comparison
of data from different sources. The main characteris-
tic of both T-dependences (mobility - Fig. 3a and nor-
malized resistance - Fig. 3b) is the remarkable resem-
blance of the behavior for the LAO/STO samples and
bulk STO specimens doped with Nb-, La- or oxygen va-
cancies [12, 13, 14, 15, 16].
The dependence of the mobility µH on the carrier den-
sity n for different doped STO single crystals [13, 14]
is presented in Fig. 4a. The highest mobilities are ob-
served when the carrier density is ∼ 3×1017 cm−3. The
mobility decays rapidly as the n increases; this is due
to the introduction of extrinsic impurities associated to
potential fluctuations induced in the lattice. For con-
centrations below 1017 cm−3, the impurity band formed
by the donors has a reduced width (due to a decrease
of the overlap of the impurity wave functions), and the
mobility decreases as well. Fig. 4a also includes our
data for Co-LSTO/STO (Ref. [9]) and LAO/STO sam-
ples which perfectly match the bulk STO data. The fig-
ure is completed by the additional recompilation of the
data for STO3−δ/STO homoepitaxial films [10] and other
LAO/STO samples (Refs. [2] and [4]), considering that
carriers extend over a region of 500 µm. The similarity
between the transport properties of LAO/STO samples
exhibiting high mobility (grown at PO2 < 10
−4 mbar)
and those of reduced STO bulk single crystals, suggests
that the high mobility of LAO/STO samples might arise
from the doping of STO with oxygen vacancies. This
conclusion is also supported by recent cathodo- and pho-
toluminescence studies of Kalabukhov et al. [17] and by
ultraviolet photoelectron spectroscopy of Siemons et al.
[4].
A remaining question is how far the oxygen vacancies
can diffuse into the STO substrates during film deposi-
tion. It is known that the exchange of oxygen is strongly
enhanced at the film/substrate interface as compared to
the substrate/vacuum interface [18]. Their diffusion co-
efficient DV has been measured with different methods
[19] and at various PO2 and T. For T ≈ 750
◦C and at
pressures as high as PO2 ≈ 10
−2 mbar, values of 10−4 -
10−5 cm2/s were found. During a time interval t the va-
cancies diffuse along a distance lOvac ≈ (DV t)
1/2, which
is, for t = 10 s (i.e. typical deposition times for the
thinnest films) between 100 µm -300 µm. It is then rea-
sonable to assume that oxygen vacancies (created when
STO is exposed to reducing atmospheres during the film
growth) can extend to a region within the STO substrate
compatible with that found from the SdH analysis.
From these considerations, it should be expected that
the transport properties are modulated by the effective
deposition time tdep and, in turn, by film thickness. Fig.
4b shows the dependence on tdep of µH,4K of CoLSTO
and LAO films deposited at PO2 ≈ 10
−6 mbar. We ob-
serve that this µH,4K - tdep curve bears a striking resem-
blance with the µH - n curve for the same samples plotted
in Fig. 4a. This is a strong indication that tdep increases
the density of carriers in the STO substrates. This should
also apply at slightly higher pressures PO2 ≈ 10
−5 mbar,
4FIG. 4: (a) Dependence of µH,4K on the carrier density: STO
single crystals doped with oxygen vacancies (+) or Nb (△)
[Ref. [13]]; slightly reduced STO single crystals (∗) [Ref. [14]];
La-doped STO thin films from (▽) [Ref. [16]]; CoLSTO/STO
samples grown at low pressure [Ref. [9] (⋆)]; STO3−δ/STO
films grown at low pressure (▽) [Ref. [10]]; LAO/STO sam-
ples grown at low pressure [Ref. [4]] (⊳), [Ref. [2]] (⋄) and
this work (•). The dashed lines are guides for the eye. (b)
Dependence on time deposition tdep of µ4K in Co-LSTO (Ref.
[9]) and LAO films (this work) grown on STO substrates at
low PO2.
used for growing LAO/STO structures which were re-
ported to have modulated transport properties upon in-
creasing the deposited film thickness [5, 6]. Indeed, in an
oxygen vacancy-doping scenario, an insulator-metal tran-
sition (IMT) should be expected as a function of tdep
and, therefore, of the number of LAO unit cells grown
on the STO substrate [5, 6]. When the deposited film
thickness increases, the critical concentration nc for im-
purity band formation is reached and an IMT occurs.
This behavior is well known in group IV semiconductors
doped with impurities [20]. This IMT is accompanied
by an abrupt conductivity jump that can be estimated
as ∆σc = nc × e × µc, with nc ≈ 10
15 cm−3 for doped
STO (Fig. 4a) and µc ≈ 1 cm
2/V s is the mobility at this
critical concentration [14]. Substituting values we obtain
∆σc ≈ 1.6× 10
−4Ω−1cm−1. If one assumes a conducting
thickness l ≈ 100µm, one should observe a conductance
jump of ∆Gc ≈ ∆σc × l ≈ 10
−5Ω−1 across the IMT. A
similar value of ∆Gc was reported for the IMT at a crit-
ical thickness of LAO films deposited on STO substrates
[6].
In summary, we have brought proof of an alterna-
tive and coherent explanation for the high-mobility in
LAO/STO structures based on the doping of STO sub-
strates with oxygen vacancies. This doping is achieved
efficiently by the growth of LAO films on STO sub-
strates. This remarkable result might be used to fabricate
heterostructures integrating multifunctional oxides with
high mobility STO. E.g., spin injection into a STO chan-
nel might be achieved with spin-polarized sources such
as CoLSTO [9, 21]. Also, an interesting possibility is
to dope STO below the critical concentration nc, and to
activate the conduction through application of electrical
fields. Recent reports on STO channel field-effect transis-
tors with organic [22] or LAO [6] gate insulators evidence
enormous field-effects in such structures. All these pos-
sibilities open interesting prospects and should stimulate
further studies of all-oxide structures for spintronics.
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